Attorn^ocket No.: 12967-002001 




10 



OD OF PREPARING GROUP IH-V COMPOUND SEMICONDUCTOR 

CRYSTAL 

s 

Ml* J 

$' BACKGROUND OF THE INVENTION 



1. Field of the Invention 

The present invention relates to a method of preparing a group IH-V compound 
semiconductor crystal, and particularly a carbon-doped group III-V compound 
semiconductor crystal. 
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2. Description of the Background Art 

Conventionally, there are various prior art methods for preparing a carbon-doped group 
III-V compound semiconductor crystal, as set forth in the following described 

publications. 

lapanese Patent Laying-Open No. 64-79087 (referred to as "prior art 1 " hereinafter) 
discloses a method of preparing a carbon-doped GaAs single crystal according to the 
gradient freeze method or horizontal Bridgman method (HB method). FIG. 6 is a diagram 
for describing a method of preparing a carbon-doped GaAs single crystal according to 
prior art 1 . Referring to FIG. 6, a graphite boat 5 1 as a carbon source is arranged at one 
side in a quartz ampoule 55. Raw material which is gallium (Ga) 52 is provided in 
9S graphite boat 51 . Arsemc (As) 57 is provided at the other side in quartz ampoule 55. 
Quartz ampoule 55 is sealed in vacuum and then installed in an electric furnace to be 
heated. After the GaAs raw material is synthesized, the temperature is reduced 
maintaining a constant temperature gradient, whereby a GaAs single crystal is grown. 

30 The carbon of graphite boat 5 1 reacts with oxygen supplied from As 2 0 3 , Ga 2 0 and the 
like remaining in quartz ampoule 55 to result in the formation of gas of CO. C0 2 and the 
like wWch is doped into the growing GaAs crystal. It is described that the doping amount 
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of carbon can be controlled according to the total amount of oxygen in the sealed quartz 
ampoule 55, the synthesization reaction condition, or single crystal growth condition, and 



the like. 



15 



5 The Journal of the Japanese Association of Crystal Growth. 1991, Vol. 18, No. 4, pp. 88- 
95 (referred to as "prior art 2" hereinafter) discloses a method of preparing a carbon- 
doped GaAs single crystal by the vertical gradient freeze method (VGF method). FIG. 7 
is a diagram for describing a method of preparing a carbon-doped GaAs single crystal 
according to prior art 2. Referring to FIG. 7, raw material 62 which has carbon doped 

10 therein in advance, and which was directly synthesized by the LEG method, and boron 
oxide (B 2 0 3 ) 64 are provided in a crucible 61 and sealed in vacuum in a quartz ampoule 
65. This is installed in a vertical furnace and heated to melt the raw material and boron 
oxide. By reducing the temperature in the furnace while maintaining a constant 
temperature gradient, a GaAs single crystal is grown. 

Here, boron oxide containing 200 ppm of water spreads around only the periphery of the 
upper surface of GaAs melt 62. The center area of the upper surface of GaAs melt 62 is 
exposed to the ambient. According to the method of prior art 2, the upper surface of the 
melt must be exposed to the ambient to control the stoichiometry of the GaAs melt. The 
20 vapor pressure in quartz ampoule 65 is controlled by arsenic 67. 

According to this method, the carbon concentration of the crystal depends on the carbon 
concentration of the raw material. U.S. Pat. No. 4,999,082 (referred to as "prior art 3" 
hereinafter) discloses a method of preparing a carbon-doped GaAs single crystal by the 
25 vertical Bndgman method. (VB method) FIG. 8 is a diagram for describing a method ol 
preparing a carbon-doped GaAs single crystal according to prior art 3. 

Referring to FIG. 8, a crucible 71 is filled with GaAs raw material 72. After carbon 
source 73 is arranged outside of crucible 71, a quartz ampoule 75 is sealed. Quartz 
30 ampoule 75 is placed in a vertical furnace and heated to melt the raw material. The 

furnace is moved upwards while substantially maintaining the set temperature profile. By 
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solidifying the raw material from a seed crystal 77, a GaAs single crystal is grown. 
According to this method, carbon source 73 is in fluid communication with compound 
raw material 72 to allow gas transfer. 

Japanese Patent Laying-Open No. 3-252399 (referred to as "prior art 4" hereinafter) 
discloses a method of preparing a semi-msulating GaAs substrate. Prior art 4 ,s 
characterized in that the impurity whtch becomes the acceptor is doped so as to result m 
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atoms/cm 3 after subtracting the concentration of the tmpurity which becomes 



1-3x10 
the donor in a GaAs crystal. 

.apanese Patent Laying-Open No. 2-74597 (referred to as "prior art 5" hereinafter) 
discloses a chromium-doped semi-insulating GaAs single crystal and a method of 
preparing the same. This prior art 5 is characterized in that carbon is contained ,n a 
concentration n c that satisfies both the relations of: 



lxl0 15 cm- 3 ^n c <n SI and n s , - n c ^ 4.4x10 -cm" 



20 



25 



for the residual Si concentration n si remaining in 
at least 10 6 Q • cm. 



the single crystal, with the resistivity of 



The above-described prior art methods have various 



disadvantages. In prior art 1. boron 



oxide is no, used. Therefore, impurity contamination ean be expected. Furthermore, srnce 
the amount of the carbon source cannot be controlled in this method, it is difficult to 

control the carbon concentration. 

In prior art 2, carbon cannot be doped during the crystal growth since a carbon source is 
not used There is a problem that the carbon concentration cannot be adjusted during 
crystal preparation. Furthermore, a part of the carbon m the GaAs melt reacts with 
oxygen which is generated as a result of the water in the boron oxide decompostng, to be 
lost as CO gas. As a result, there is a problem that the carbon concentration in the GaAs 
crystal is lowered. 
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,„ prior ar, 3 . i, is dUT.cuU «o con.ro, «be carbon concen.rauon since the carbon source is 
,1a ou.s.de .he crucible. Furthermore, .mpuri.y c„n,amina,io„ can be expect s.ncc 

boron oxide is not used. 

,„ pri „r an 4. carbon is recr.ed as ,bc rmpuri.y serv.ng as ,he accep.o, However only .he 
do^gofzinc ..copper ,s .sciosed as , h e example. Tbere ,s no desenpbon o, carbon 

doping. 

P r,„r ar, 5 desenbes a chromium-doped sem.-.nsula.ing GaAs smgle crystal con.ain.ng 
carbon. However, to prior ar, 5 ,s si.en, abou, ,he mChod tf doping carbon. 



SUMMARY OF THE INVENTION 

' 5 ,„ view of the f„re 8 oi„g, an ob.ee, of.be presen, ,nve»,ion is ,„ provide a method of 
preparing, wi,b h.gh reproducibility, a carbon-doped group I.I-V compound 
lion uctor cr,s,al bavrng favorable elecrica, characterist.es and havmg ,mpu„,,s 
Loved .berefrom, in wbicb ,be amoun, of doped carbon can eas„ be ad.usted durrng 

20 crystal growth. 

One aspec, of.be presen, invent.on provides a me,h„d of preparing a group 1H-V 
Impound semiconduc.or crys,al. Tbis me.hod of preparing a group „1-V compound 

25 or boa, with compound raw ma,eria,, sobd carbon, and boron ox*; seaUng ,be enre.Ne 
or boa, filled wi,b compound raw materia,, solid carbon, and boron ox.de ,n an a,r,.gh, 
vessel formed of a gas impermeab.e ma.eriah heahng and mel.ing .be compound raw 
Jlerral in a sealed s,a,e in ,be a.rt,h, vessel; and sohdifying .be mel.ed compound raw 
ma,erial .0 grow a carbon-doped compound sem.conduc.or crystal. 

30 



4 



Attor 



n^ocketNo.: 12967-002001 



Since ,he crucib.e or boat is filled with compound raw materia., solid carbon, and boron 
„ xid e accordtng ,o the present tnvention. the boron oxide softened by heating is brought 
,„,„ contact with a, .east a portion of the solid carbon in the state where the compound 



raw material is melted. 



According to the present invention, the carbon concentration in the initial raw matena 

6 r„wth Good con,ro,labi,ity of the carbon concentration ,s obtained. In other words, the 
target carbon concentration can be obtained wtth high reproducbthty. By using boron 
, o oxide which has an impurity removal effect, the contaminate of impurities in the crystal 
can be suppressed to obtain a crystal of favorable electrical charactenstics. 

Quartz or pBN (pyrolytic boron mmde) and the like can be enumerated as the 

gas impermeable material. 

Preferably, the boron oxide contams water. Thts ,s because the water in boron oxide is 
essentia, to remove impurittes. Furthermore, i, is constdered that the water in the boron 
oxide effects the incorporation of carton into the crystal. The boron oxide preterab.y 
contains 10-500 wt ppm of water. 
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,n the present invention, the amourt, of solid carbon to be filled into the crucible ,s 
preferably large, than the amount of carbon to be doped into the compound 

semiconductor crystal. Thts is to promote reaction using an excessive amount o, carbon 
since the reaction rate of soiid carbon is extremely low. Furthermore, an addt.tonal 

,5 amount of carbon must be supplted to make up for the consumption of par, of the sohd 
carbon ,„ gas generation of the carbon compound. Thus, by using solid carbon „, an 
amount larger than the tota. amount of carbon doped into the crysta,. the advantage „, the 
present tnvention works effective,,. Specific*, the amount of soiid carbon m„s, be at 
leas, ten times, preferably a. leas, ,00 times larger than the weigh, of the carbon doped 

30 into the crystal. 
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|„ ,he present invention, i. is preferred that the solid carbon is subjected to a heat 
treatment under reduced pressure before being tilled in .be crucible or boa,. By th,s 

process, any impurity element remaining in the carbon is removed ,0 resu.t in a crystal o, 
higher purity. The pressure in applying the heat treatment to the carbon is preterabiy 

i from 1 Torr to 1 x 1 0 « Torr. The appropriate temperature of the hea, treatment ,s ,00° C - 
.000" C The above-described effect can be obtained by carrying ou, the hea, treatment 
for a, leas, one hour. I, was found that a greater effce, can be ob,a,ned as the ,,me for the 
hea, ,rea,men, becomes longer. However, .here is very little further change in the effect 
when .he time for ,he hea, treatment exceeds ,2 hours. Considering that the cos, tor 

0 production is mcreased as the time for the hea, .rea.men, becomes longer, ,he time penod 
for the heat treatment of not more than 1 2 hours is appropria,e. 

,n the present invention, i, ts preferable ,o keep the compound raw material in i,s melted 
state for a certain time period before i, ,s solidffied for crystal growth. By tins process. 
, 5 the impurities of Si and the like in tire OaAs po.ycrystal.ine raw material can be removed 
by gettering wi,h boron oxide. Although Si of approximately IxlO' W is included as 
impurities in the raw material synthes.zed by the HB method, the amount of S, ,n the 
GaAs subjected to the above-described process is less than IxlO'W . which ,s below 
,he detection limi, of an analyzer. Si of an amoun, over 1x10' W was detected from 
20 those samples not subjected to the above-described process. 

Thus carbon can be sufficiently melted in the OaAs mel, from the solid carbon by the 
above-described process. Th,s process also pr„v,des ,he advantage that the temperature of 
the OaAs mel. is stabdized. and the carbon concentration and mtpuri.y concentration m 

25 the melt can be made uniform. 

The above-described effect can be obtained when the holding tune period in the melted 
state of raw material is a. leas, 3 hours. Further favorable characteristics can be ob.amed 
stably when ,he holding time is a, leas, 6 hours. Although a greater effect can be obtamed 
30 as the holding time becomes longer, the degree of change ,n ,he effec, gradually becomes 
smaller when the holding time period exceeds 36 hours. There is very httle turther 
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change in .he effect when the holding time exceeds 72 hours. Considering .ha, .he cos, 
for production becomes higher as the holding time is increased, .he holding 
preferably not more man 72 hours, further preferably no. more than 36 hours. 

,» ,he present invention, powder carbon can be used as .he solid carbon. Powder carbon 
is advantageous in promoting me reaction due to its grea.er specific surface area. Increase 
i„ ,he reaction speed allows carbon ,o be doped efficiently in the crystal. 

Also the amount of carbon to be doped into the crystal can easily be adjusted according 
,„ the grata srze, the weigh,, and .he Hke. of .he powder being used, for example, powder 
of a smaller grata srze has a grea.er specific surface area ,„ increase .he reaction speed, 
whereby ,he amount of doped carbon is increased. Therefore, the grain size o, ,he 
powder carbon is preferably smaller. More specifically, .he average gram s.ze ,s 
preferably no, more than .OOmu more preferably not more than 50um. When powder 
carbon is used, me powder carbon spreads in ,he boron oxide which is softened by 
heating in the stale in which the compound raw material is melted. 

,n .he present invention, fiber carbon, as well as powder carbon, can be used as the solid 
carbon Fiber carbon is advantageous in that the diameter of the fiber is small and a 
greater surface area can be obtained .„ resul. in a fas.er reaction speed. I, ts therefore 
possible ,„ dope carbon into the crystal efficiently. Also, the amount of carbon doped mto 
,he crystal can easrly be adjusted accordmg to the diameter or weigh, of the fiber tha. ,s 
used Uniform dis,ribu,ion of the carbon concentration can be obtained from the shoulder 
to me tail of the prepared crystal when fiber carbon is used. The diameter of the fiber 
: carbon is preferably smaller. Specifically, the average diameter is preferably no, more 
,han 50um, more preferably no, more than ,0um. Usage of fiber carbon allows carbon to 
spread in the boron oxide which is softened by heating in ,he slate in whrch ,he 
compound raw material is melted. Also, the carbon can float above the boron oxrde and 
thereby be exposed to the ambient. 



30 
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In the present invention, bulk carbon can be used as the solid carbon, in addmon to 
powder carbon and fiber carbon. Bulk carbon is advantageous in ,ha, the amount o. 
carbon to be doped in the crystal can easrly be adjusted by the weigh, and co„f,gura.,on 
0,'the carbon used. Uniform distribution of carbon concentration can be ob,a,ned Irom 
the shoulder to the tail of the prepared crystal when bulk carbon is used. 

Bulk carbon ,s preferably used ,n a disk shape that is smaller than the inner diameter of 
the crucible. The amount of doped carbon can easily be controlled by the diameter ol the 
disk The bulk solid carbon is preferably a sintered compact of carbon powder. I he 
reaction speed is particularly high for the sm.ered compact of powder havutg h.gh 
porosity. Sintered carbon powder is advantageous in disputing carbon uniformly m the 
crystal. When bulk solid carbon is used, a state can be obtarncd in which a, leas, a p^rt.on 
of the bulk solid carbon ,s immersed in the softened boron oxide. 

,„ the present mvention, the crucible or boa, is preferably formed of pBN (pyroly.ic 
boron nttride). Depending upon the cons,i,uen, elemen.s of the ccib.c or boa,, there ,s a 
poss.bihty that boron oxrde or carbon reacts with the crucible and induces conta— 
of the raw material melt. pBN is most appropriate as the material of the crucible or boa. 
to suppress reaction with boron oxide or carbon. 

The present mven.,on is particularly effective as a method of doping carbon into a OaAs 

crystal. 

The foregoing and other objects, features, aspects and advantages of the present invention 
will become more apparent from the following detatled description of the present 
invention when taken in conjunction with the accompanying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG . is a diagram for describing an example of a method of preparing a group U.--V 
compound semiconductor crystal accordrng to the present mven.ton. 

F.G. 2 ,s a diagram showmg the state of carrying ou, crystal growth using a vertical 

furnace. 

FIG 3 is a diagram for describmg another example of a method of preparing a group 111- 
, 0 V compound semiconductor crystal according to the present invenuon. 

F,G 4 is a diagram for desenbing a further example of a method of preparing a group .11- 
V compound semiconductor crystal accordrng to the present mven.ron. 

15 FIG. 5 is a diagram for describing each portion of a crystal. 

nG 6 is a diagram for describing a method of preparing a carbon-doped group ll.-V 
compound semiconductor single crystal according to an example of pnor art. 

20 FIG 7 is a diagram for describing a method of preparing a carbon-doped group III-V 
compound semiconductor single crystal according to another example of pnor art. 

FIG 8 is a diagram for describmg a method of preparrng a carbon-doped group III-V 
compound semiconductor single crystal according ,„ a further example of pnor art. 

M DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

EXAMPLE 1 

30 FIG 1 isadiagramfordeseribinganexamplcofpreparingagroupllI-V compound 
semiconductor crystal according to the present invention. Referrrng to FIG. 1 . GaAs 
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polycrystalline raw material 2, carbon powder 13 which has been subjected to heat 
treatment under reduced pressure in advance, boron oxide (B 2 C,) 4 faming a boron 
oxide layer 4b and a boron oxide film 4a as described below, and a seed crystal 7 were 
placed in a pBN crucible 1 . The seed crystal 7 was placed at the bottom portion ot the 
5 crucible 1. In crucible 1, the materials were so arranged that carbon powder 13 and boron 
oxide 4 were brought into contact with each other, and also boron oxide 4 and raw 
matenal 2 were brought into contact with each other when the raw material was melted. 

Crucible 1 was inserted in a quartz ampoule 5 together with solid arsenic. Ampoule 5 was 
0 sealed under reduced pressure with a quartz cap 6. 

Respective conditions of Example 1 are shown in the following Table 1. 

TABLE 1 



15 



30 



35 



GaAs 
polycrystal 

(raw material) 3 kg used 



20 Carbon powder 350 mesh (grain size 45 um and below). 

100 mg used 

Heat treatment at 1000° C. for 6 hours at 
the pressure of 10" Torr 
B o Water concentration 50 wt ppm, 50 g used 

25 pBN crucible Inner diameter 80 mm, entire length 250 mm 
Solid arsenic 1 g used 



Referring to FIG. 2. the above-described quartz ampoule 5 was heated at the rate of 
approximately 200° C./hour by a heater 8 in a vertical furnace 50. During this process of 
heating, boron oxide 4 was softened and melted. Also, GaAs polycrystalline raw material 
2 was melted. At this time point, boron oxide 4 was present as a film 4a having a 
thickness of less than 1 mm between pBN crucible 1 and GaAs raw material melt 2. The 
remainder of boron oxide 4 covered the upper surface of GaAs melt 2 as a boron oxide 
layer 4b having a thickness of approximately 5 mm. Carbon powder 13 was dispersed in 
this boron oxide layer 4b, as shown also in Fig. 1 . 
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The condition mentioned above was maintained for approximately 36 hours. Then, heater 
8 was moved upwards at the rate of 4 mm/hour, whereby solidification started from the 
portion of seed crystal 7. Thus, a single crystal was grown. The characteristics of the 
obtained single crystal are shown in the following Table 2. 



TABLE 2 



20 



25 



30 



Crystal diameter 80 mm 

Length of tp80 mm portion 1 00 mm 



05 -3 



Carbon concentration Shoulder 1 .4 x 1 0 " cm; 

Tail 0.8x10 cm 

Resistivitv Shoulder 2.9xl0 7 Qcm 

ReS1StlVlty Tail 1.5xl0 7 Qcm 

15 Dislocation density Shoulder 900 cm" 2 

Tail L200 cm 



In the present specification, the "shoulder" and "tail" of a crystal correspond to the 
relevant portions shown in FIG. 5. 

The role of solid arsenic (As) sealed under reduced pressure in the quartz ampoule in the 
present example is set forth in the following. The dissociation pressure at the melting 
point of GaAs is approximately 1 atm. When GaAs is melted, the airtight vessel is filled 
with As vapor of approximately 1 atm at the temperature of the melting point. This As 
vapor is generated as a result of the GaAs melt being decomposed. Therefore, the 
composition of the GaAs melt is shifted from the original composition of Ga:As=l:l to 
Ga rich composition. By sealing solid arsenic in the quartz ampoule in addition to GaAs, 
the shift from the composition of Ga: As=l : I caused by decomposition of the GaAs melt 
can be suppressed. 
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EXAMPLE 2 
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FIG 3 is a diagram for describing another example of a method of preparing a group 111- 
V compound semtconduc.or crystal of the present invention. Referring to FIG. 3. GaAs 
polvcrystalline raw nratena. 2, carbon fiber 23 subjected to hea, treatment under reduced 
pressure ,n advance, boron oxide 4 forming a boron oxtde .aver 4b and a boron oxtde 
film 4a as described below, and a seed crystal 7 were placed in a pDN crucible 1 . See 
crystal 7 was placed at the bottom porttonof the crucible 1. In crucible 1. tbe matenals 
were arranged so that carbon fiber 23 and boron oxide 4 were brought into contact wtth 
each other and also boron oxide 4 and raw material 2 were brought rnto contact with each 
other when the raw material was melted. Crucible 1 was inserted in a quartz ampoule > 
, 0E e,„er with solid arsenic. Quartz ampoule 5 was sealed under reduced pressure wtth a 
quartz cap 6. Respective conditions of Example 2 are shown in the following Table 



20 



TABLE 3 



GaAs 
polycrystal 

(raw material) 10 kg used 



C^rbo^fibeT A^g7dia^e75^^ 

Carbon ^ ^ ^ Q for 3 hours at 

the pressure of 10" Torr 
r n Water concentration 70 wt ppm, 1 00 g used 

nRN crucible Inner diameter 105 mm, entire length 400 mm 



25 pBN crucible 



Solid arsenic 1.5 g used 



30 



35 



Quartz ampoule 5 was heated a, the rate of approximately 120" C./hour by a heater 8 tn a 
vertical furnace 50. as shown in FIG. 2. During the process of heating, boron oxtde 4 
was softened and melted. Also. GaAs po.ycrystalline raw material 2 was melted. At thts 
time point, boron oxide 4 was present as a film 4a having a thickness of no, more than 
mm between pBN cructble I and GaAs me,. 2. The rematnder of boron oxtde 4 covered 
tbe upper surface of the GaAs melt 2 as a boron oxide layer 4b having a thickness of 
approximately 5 mm. The carbon fiber 23 was partially dispersed in boron oxide layer 
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„„ GaAs mel, 2, and par.ia.ly floated. Furthermore, a portion of carbon fiber 23 was 
4b. 

Then the conduion mentioned above was manned for approximately 12hours. Then, 
heater 8 was moved upwards at the rate of 3 mm/hour, whereby solidification started 

of the obtained single crystal are shown in the following Table 4. 
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Crvstal diameter 

Length of (pi 05 mm portion 

Carbon concentration 

Resistivity 
Dislocation density 



TABLE 4 



20 



105 mm 
200 mm 
Shoulder 
Tail 

Shoulder 
Tail 

Shoulder 
Tail 



6.5 x 10 13 cm" 3 
7.0x10" cm" 3 
4.1 x 10 8 Qcm 
5.0 x 10*«cm 
800 cm" 2 
1500 cm" 2 



25 



30 



EXAMPLE 3 



A carbon-doped GaAs single crysta! was grow, using 20 mg of earbon fiber simtlar to 
th a, of Example 2. The other conditions of the experiment were identical to those of 
Examp.e 2. and their descnpt.on w,l. no. be repeated. The characteristics of .he obramed 
single crystal are shown in the following Table 5. 
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'ABLE 5 



Crystal diameter 

Length of (pi 05 mm portion 

Carbon concentration 

Resistivity 
Dislocation density 



10 



105 mm 
200 mm 
Shoulder 

Tail 

Shoulder 
Tail 

Shoulder 
Tail 



2.3 x 10 15 cm" 3 
2.2 x 10 15 cm" 
8.8 x 10 7 a cm 

8.4 x 10 7 ^2cm 
1000 cm" 2 
1800 cm" 2 



20 



EXAMPLE 4 



, „ dGaAssmglecrystalwasgrownusingT-Smgofcarbonnbersimdarto 

A c^^^J^ y ^ ^ were ldentlC al to those of Examples 2 
th0 se of Examples 2 and . The ^ ^ ^ 

and 3. and their description will not be repeated, 
single crystal are shown in the following Table 6. 



TABLE 6 



Crystal diameter 
25 Length of(pl05 mm portion 
Carbon concentration 

Resistivity 
30 Dislocation density 



105 mm 
200 mm 
Shoulder 

Tail 

Shoulder 
Tail 

Shoulder 
Tail 



1.3 X 10 b cm" 3 
1.2 x 10" cm" 3 
2.5xl0 7 Qcm 
2.3xl0 7 Qcm 
1500 cm" 2 
2000 cm" 2 



, ^,„H4 that the carbon concentration in the crystal can 



easi 

the present invention 
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V compound semiconductor crystal according to the present tnvenuon. Rc,crr,n t 

V compound 0 f sintered carbon powder 

won oxide layer 4b and a boron oxide film 4a as descrm 
form a boron oxide laye ^ ^ bm porUon 

ol the crucible 1 . In crucible ^ ^ 4 ^ raw 

»u ^ tnaether with solid arsenic. Quartz 
Thls crucible 1 was inserted in a quartz ampoule 5 together 
amp oule 5 was sealed under reduced pressure using quartz cap 6. Respec 
of example 5 are indicated in the following Table 7. 



TABLE 7 



20 



25 



30 



35 



GaAs 

polycrystalline 
raw material 



Carbon disk 



B 2 0 3 

pBN crucible 
Solid arsenic 



3 kg used 



Heat treatment at!500°C. for 12hours at 
the pressure of 1 Torr 

Water concentration 300 wt PP m. 50 g used 
Inner diameter 80 mm, entire length 250 mm 

1 gused 



time point, boron oxiae v „ f w™ oxide 4 covered the 

•ii 1 j TqAi; melt 2 The remainder ot boron oxiae 
between pBN crucible 1 and GaAs melt 
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SST^Im.— -» » 

surrounded by boron oxide layer 4b. 
obtained single crystal are shown in the following Table 8. 



TABLE 8 



80 mm 



Crystal diameter 

15 Length of 98O mm portton ^ 6.8x10;; cm;; 



Carbon concentration ^ ? A x 1Q i> cm - 

4.5 x 10 8 Qcm 



Shoulder 



Resistivity ^Tjj"" 5 .2 x 1 0 8 p cm 

• A dtv Shoulder 1200 cm" 7 

20 Dislocation density 1500 cm" 



-2 



• • , a tin S GaAs crystal, the resistivity is one of the most important 
25 In a semi-insulating OaAs crybia , Furthermore, since 

<harac.erist.es. U ts preferable tha, variatton in re S ,s„v,ty 
, hls resistivity value depends on the carbon coneen.ratton t„ the G As ery 
lhe carbon concentration intheerystal should be as snral, as posstble. 



30 



35 powder. 
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of solid carbon is shown in the following Table 9. 



TABLE 9 



: ^H^TlYbeT'a^bulk. carbon 

Difference in eflect among powder, tmer. 



r^T^rb^x CaTb^distrir^t^^ crystal 

Type of solid carbon from shoulder t0 tai l 

1 0 A Gradual decrease of carbon from 

Carbon powder ^ ulder t0 tall 

Uniform distribution ot carbon 
Carbon fiber from shoulder to tail 

Uniform distribution of carbon 
15 Bulk carbon tVo m shoulder to tail 



20 Comparison 



of the carbon concentration in a 



GaAs crystal between the present invention 



and the prior art 



is shown in the following Table 10. 



25 
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35 



TABLE 10 



Present 
invention 



Prior art 



Carbon powder 

Carbon fiber Example 2 
Example 3 
Example 4 

Carbon disk 
Prior art 2 
Prior art 3 



Carbon concentration 

(cm ) 

Shoulder 



1.4 x 10' 

6.5 x 10 
2.3x10' 
1.3x10 
6.8 x 10 
0.5x10 
2.2 x 10 



15 
15 
15 
15 



Tail 



15 
15 



0.8x10 
7.0 x 10 
2.2x10 
1.2x10' 
7.1x10' 
0.4 x 10' 
1.4 x 10 
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Attornftocket No.: 1 2967-00200 1 

though the present tnventton has been described and ..lushed in detaii. it is dear,, 
understood that .he same is by way ofiUustration and example o„,y and ,s notto he taken 
by way of limitation, the spirttand scope of the present invennon being hm,,d only hy 

the terms of the appended claims. 
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